In this work the spatial growth of the North Atlantic Oscillation (NAO) and its relationship to downstream development are examined. In contrast to positive NAO events, which are primarily initiated over the western North Atlantic, negative persistent NAO events tend to be preceded by a blocking ridge in the vicinity of northern Europe. This blocking ridge contributes to the growth of negative NAO events through a low-frequency eddy interaction. It is also shown that a noticeable downstream development is dominant only for negative persistent NAO events that are preceded by the blocking ridge. While the blocking ridge exists over inland Eurasia, it induces anticyclonic circulation near the surface over Siberia. As the NAO grows, a stationary wave train that originates from the North Atlantic transfers wave energy downstream toward Siberia. The surface anticyclone is then reinforced by the wave train and begins to migrate eastward. This process explains the distinct impact of the negative NAO on the downstream Eurasian region.
Introduction
[2] The North Atlantic Oscillation (NAO), the most pronounced atmospheric mode over the North Atlantic region, is identified as a dipole pattern in the pressure field straddling Greenland and the midlatitude regions. Many researchers have attempted to elucidate the physical nature of the NAO [Baldwin et al., 1994; Rogers, 1990 Rogers, , 1997 Serreze et al., 1997 ]. An explanation of the basic dynamics of the NAO has been provided in studies showing a link between the NAO and the North Atlantic storm track. A synoptic view of the NAO has led some researchers to suggest that the NAO is a remnant of synoptic wave breaking [Benedict et al., 2004; Franzke et al., 2004; Riviere and Orlanski, 2007] . As the synoptic waves break, the NAO anomaly grows as low-frequency variability. This synoptic view is consistent with the dynamic explanation of the NAO; that is, highfrequency eddy feedback contributes to the growth and persistence of the NAO [Feldstein, 2003] .
[3] The studies cited above have demonstrated the importance of wave breaking processes in the growth of the NAO. Such studies also call attention to low-frequency variability because wave breaking depends on a low-frequency flow condition (i.e., background shear) [Tyrlis and Hoskins, 2008] . Several researchers have studied the ways in which the breaking conditions and the feedback between high-and low-frequency anomalies change according to the NAO phase [Barnes and Hartmann, 2010; Watanabe, 2009] .
[4] Studies on blocking in the Atlantic region, a representative low-frequency phenomenon, may help explain the relationship between high-and low-frequency anomalies in NAO dynamics. Several researchers have suggested a clear link between the NAO and blocking over the North Atlantic region; blocking was found to be more frequent during the negative phase of the NAO [Luo, 2005; Shabbar et al., 2001; Woollings et al., 2008] . In most of these studies, processes over the North Atlantic region were investigated with respect to blocking and the NAO. In contrast, the focus of this work is the downstream Eurasia region. The existence of a blocking-type anomaly over northern Europe prior to the negative phase of the NAO is suggested. We also examine the possible role of a blocking-type anomaly over northern Europe in the development of the NAO and its impact on downstream circulation over Siberia.
[5] A study performed by Sung et al. [2010, hereinafter SL10] revealed notable differences between the downstream impacts of positive and negative NAO events on the East Asian winter climate. In the present study, we revisit the detailed downstream structures of the NAO and suggest possible dynamic processes caused by a blocking-type anomaly over northern Europe. Takaya and Nakamura [2005a, hereinafter TN05a] revealed the amplification mechanism of the Siberian high and suggested that a stationary Rossby wave train across Siberia interacts with a surface cold anomaly to induce strong development of the Siberian high. We compare the downstream development of the NAO with the processes described in the work of TN05a and discuss meaningful differences.
[6] In section 2, the data used in this study are detailed and a persistent NAO event is defined. The results of this study are presented in two parts. The distinct characteristics of the growth pattern of negative persistent NAO events and their physical meanings are described in section 3.1. In section 3.2, we analyze the detailed processes by which the NAO downstream anomaly develops, focusing on the role of the blocking-type anomaly. The wave breaking perspective of the NAO and its relationship to the topic of the present study are discussed in section 4. A summary of the present work along with our conclusions are provided in section 5.
Data and Definitions
[7] In this study, the NAO-related circulation pattern during the winter season is analyzed using daily mean reanalysis data sets. The reanalysis data were obtained from the National Center for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) [Kalnay et al., 1996] . The data set includes data from the winter of 1948/49 to the winter of 2004/05, where winter is defined as the period from November to March.
[8] Many definitions of the NAO have been provided in previous research. In the present study, the NAO is defined through a method suggested by Jia et al. [2007] that applies an empirical orthogonal function (EOF) analysis to a confined region over the North Atlantic (20-80°N, 90°W-40°E). The NAO pattern is defined as the first EOF mode (EOF1) of the monthly mean sea level pressure (SLP) field in which the seasonal cycle and linear trend were removed. The EOF1 explains 33.6% of the total variance. The daily NAO index was calculated by projecting the EOF1 onto the daily SLP anomaly. The daily anomalies of the SLP and other variables were obtained by excluding the seasonal cycle, defined as the 31 day running mean of the calendar day climatology.
[9] The NAO is known to dominate the low-frequency time scale. To distinguish relevant data from synoptic noise, we adopted the definition of a persistent NAO event used by Feldstein [2003] . A NAO event was indicated only when the NAO index exceeded 1s (s: the standard deviation for the entire analysis period) and persisted for 5 or more days. The onset of a persistent NAO event was defined as the first day in which the NAO index exceeded 1s. If a persistent event occurred within 10 days from the end of a previous event with the same phase, the latter event was discarded to avoid the dual impacts of multiple developments of NAO events. In this study, 43 positive persistent events and 57 negative persistent events were considered. However, it should be noted that the results are not sensitive to the criteria for event selection.
Results

Blocking Ridge in the Growth of Negative Persistent NAO Events
[10] Feldstein [2003] examined the growth and decay of persistent NAO events and revealed the dynamic contributions of eddy fluxes to the life cycle of the NAO. We also examined the growth of persistent NAO events, but instead focused on its spatial structure. Composite maps for the anomalous geopotential height field at 300 hPa before the onset of each positive and negative persistent NAO event are shown in Figures 1a and 1c , respectively. The composite maps for the positive NAO phase in Figure 1a reveal a cyclonic anomaly that initiates over the western North Atlantic on lag −4 day. The anomaly then settles as a subpolar cell on the onset day. In studies of NAO dynamics, it has been suggested that the NAO anomaly grows owing to wave breaking over the Atlantic jet region [Benedict et al., 2004; Franzke et al., 2004, Riviere and Orlanski, 2007] . Therefore, the circulation anomaly that originates in the western North Atlantic seems to reflect the growth of the NAO through the wave breaking process.
[11] The composite maps for a negative NAO (Figure 1c ) are noticeably different from those of the positive NAO. Prior to the onset of the negative NAO, an anticyclonic circulation anomaly appears over the Barents Sea. The anticyclonic anomaly seems to grow and extend toward the North Atlantic subpolar region between Greenland and the Barents Sea. These differences in growth features between the positive and negative NAO were also reported by Jia et al. [2007] .
[12] Similar growth features are also observed in Figures 1b and 1d, which show the surface level pressure (SLP) anomalies. The low-level patterns exhibit clearer characteristics of the cyclonic anomaly over the western North Atlantic prior to positive NAO events and of the anticyclonic anomaly over the Barents Sea prior to negative NAO events. The distinct evolutionary features of the negative NAO remained when a 10 day low-pass filter was applied to the daily anomalies (figures not shown), indicating that the anticyclonic anomaly over the Barents Sea is quasistationary. In this study, attention is given to this anticyclonic anomaly and its relationship with negative NAO growth. In general, strong, long-lasting anticyclones that extend through the depth of the troposphere with an equivalent barotropic structure are called blockings [Wallace and Blackmon, 1983] . Because the anticyclonic circulation anomaly over the Barents Sea satisfies such conditions, we hereafter refer to the anticyclonic circulation over the Barents Sea as the blocking ridge.
[13] To investigate the relationship between the blocking ridge and negative NAO events, we examined how often the blocking ridge is accompanied with NAO events. The number of NAO events with a blocking ridge was determined through the following procedure. First, the 10 day low-pass-filtered 300 hPa geopotential height anomaly was averaged over the blocking region (20-80°E, 60-80°N), and a time series for the blocking intensity was obtained. When the blocking index was greater than 0.5s and persisted for more than 3 days during the period from lag −5 day to the NAO onset, the event was considered to be accompanied by the blocking ridge. On the basis of the above criteria, negative NAO events were categorized into two subgroups: NAO with a blocking ridge (NAO blck ) and NAO without a blocking ridge (NAO nblck ). All 57 negative NAO events were subdivided into 40 NAO blck events and 17 NAO nblck events. This indicates that the negative NAO is frequently accompanied by a blocking ridge.
[14] Using the two subdivisions of negative NAO events, composite maps were rebuilt for the geopotential height anomaly at 300 hPa ( Figure 2 ). As expected, the NAO blck group exhibits a stronger anticyclonic anomaly over the Barents Sea than that observed for the composite of all negative events. However, the NAO nblck group exhibits growing anomalies that are confined over the North Atlantic. Figures 1 and 2 show well-separated growth features of the negative NAO according to the existence of the blocking ridge. Though the criteria for the choice of the blocking ridge seem arbitrary, the results are not sensitive to the exact choice of region and threshold.
[15] The frequent accompaniment of the blocking ridge with negative NAO events implies its crucial role in the growth of the negative NAO. We examined the possible contribution of the blocking ridge to the negative NAO from the perspective of low-frequency (longer than 10 days) eddy interaction. For the calculation, a stream function budget analysis was performed on the basis of the works of Cai and van den Dool [1994] and Feldstein [2003] . Feldstein [2003] investigated dynamic mechanisms associated with the growth and decay of the NAO by decomposing each term in the stream function tendency equation (see Appendix A). He found that both high-frequency and low-frequency eddy fluxes positively contribute to NAO growth. In particular, high-frequency transient eddy vorticity fluxes reinforce the NAO anomaly during the entire growth and decay period, whereas positive low-frequency eddy forcing tends to be concentrated in the early growth period of the NAO [see Feldstein, 2003, Figures 7 and 8] . As such, we describe the low-frequency eddy interaction at the initiation of NAO events in the presence of a dominant blocking ridge ( Figure 3 ). The high-frequency eddy is not discussed because it was not as considerable as the low-frequency eddy during the initiation of the NAO.
[16] Similar to Figure 1 , the low-frequency eddy forcing exhibits a distinct difference with respect to the NAO phase. For positive persistent NAO events, negative forcing appears over the western North Atlantic and Greenland in a manner similar to the initial growth of the positive NAO, which originates over the western North Atlantic (shown in Figure 1 ). This negative forcing contributes to the initial growth of a cyclonic subpolar cell in the positive NAO. However, negative NAO events are primarily forced by strong positive low-frequency eddy forcing that originates in the vicinity of northern Europe. This positive forcing significantly occupies a broader region and has greater intensity than that of positive NAO events. The distinct characteristics of negative NAO forcing seem to be caused by the blocking ridge because the NAO blck composite map reveals more intense local forcing in the vicinity of the blocking ridge area. However, NAO nblck events exhibit significant subpolar forcing near Greenland and the North Atlantic. Therefore, we propose that the positive forcing in the vicinity of northern Europe is related to the blocking ridge that contributes to the growth of the NAO through vorticity flux and advection.
[17] Another notable characteristic in the NAO blck composite, namely negative forcing near southern Europe, is shown in Figure 3 . This negative forcing seems to correspond to the cyclonic circulation anomaly over southern Europe in Figure 1c . Nakamura et al. [1997] demonstrated that the formation of blocking over Europe can be related to a quasi-stationary wave train across the North Atlantic. The cyclonic circulation anomaly over southern Europe may be the remains of the stationary wave train, which also contributes to the growth of the NAO midlatitude component.
Role of the Blocking Ridge in the Downstream
Development of the Negative NAO 3.2.1. Development of a Surface Anticyclone
[18] In section 3.1, the existence of the blocking ridge was suggested and its possible contribution to the growth of negative persistent NAO events was examined. While behaviors over the North Atlantic region were investigated in section 3.1, here we focus on the downstream Eurasian region. In recent studies, researchers have examined the remote impacts of the NAO on downstream regional climates [Hong et al., 2008; Ogi et al., 2004; Pan and Li, 2008; Sung et al., 2010] . Among these works, Sung et al. [2010, hereinafter SL10] showed the significant impact of the NAO on the East Asian winter climate in a subseasonal time scale. The researchers suggested that pronounced downstream development accompanied by negative persistent NAO events induces a cold anomaly over East Asia. Their study concentrated mostly on the phase-asymmetric downstream impact of the NAO and did not adequately address the underlying mechanism or the reason for the phase asymmetric impact. In the present work, we examine the detailed downstream structure of the NAO and the physical process that extends the climatic impact of the NAO to remote regions of East Asia. Particular attention is given to the role of the blocking ridge.
[19] We first examined the temporal evolution of the downstream structure in the upper (300 hPa), middle (500 hPa), and surface levels. Hovmöller diagrams of the geopotential height anomalies related to persistent NAO events over midlatitude Eurasia (40-60°N) are shown in Figure 4 . In the upper level, wave train-like patterns appear for both positive and negative NAO composites, although their detailed features differ substantially, as shown in Figures 4a and 4b . For the positive NAO, an anticyclonic anomaly is initiated over 0-40°E about 2 days before the onset. This anticyclonic anomaly corresponds to the southern cell of the NAO that expanded into Europe. As the NAO grows, other downstream anomalies also begin to appear over Siberia (40-120°E). The downstream anomalies in the lower levels are weaker than those in the upper level, as shown in Figures 4c and 4e . In the surface map, the southern cell of the NAO is significant, but no significant signal exists over other downstream regions of the NAO.
[20] However, the negative NAO exhibits several differences from the anomalies of the positive NAO. Negative NAO events are preceded by an anticyclonic geopotential height anomaly over 40-70°E. This anticyclonic anomaly corresponds to the blocking ridge mentioned in section 3.1. Following the growth of the blocking ridge, a cyclonic anomaly begins to form in the middle and upper troposphere over 80-120°E. Another cyclonic anomaly then appears over 0-40°E. The former cyclonic anomaly seems to be related to the blocking ridge, while the latter cyclonic anomaly corresponds to the southern cell of the NAO. These two cyclonic anomalies together with the blocking ridge comprise the wave train-like structure. In section 3.2.2, the meaningful contribution of this wave train to the downstream surface circulation of the NAO is described.
[21] The most pronounced difference between the two NAO phases is found near the surface. A notable anticyclonic anomaly related to the blocking ridge appears near the surface in the negative NAO composite. This surface anticyclone exhibits a barotropic structure with a blocking ridge. As time elapses, the surface anticyclone continues to grow and moves eastward starting at lag +4 day. Note that the surface anticyclone maintains its intensity even after the upper level ridge weakens. This implies that another external forcing mechanism is necessary to reinforce the surface anticyclone.
[22] Another interesting feature is the sudden eastward migration of the surface anticyclone starting at lag +4 day. To examine the maintenance of the surface anticyclone and the possible mechanism underlying the eastward migration, the characteristics for the periods before (P1) and after (P2) lag +4 day from NAO onset were examined separately. Since the role of the blocking ridge in the downstream development of the NAO is the focus of this study, NAO blck and NAO nblck were also analyzed separately. Figure 5 shows the vertical structures in the geopotential height and temperature anomaly fields during the P1 and P2 periods for NAO blck events. As noted above, a wave train-like structure exists in the upper level across Siberia. Lower-level circulations exhibit equivalent barotropic distributions and are almost stationary during the P1 period. The most noticeable feature during P1 is the growth of a surface anticyclone below the blocking ridge (positive anomalies over 30-70°E). The anticyclonic vortex in the blocking ridge seems to penetrate downward and reinforce the surface anticyclone. As shown in Figure 4 , the surface anticyclone maintains its intensity even after the upper level ridge is weakened. The maintenance of the surface anticyclone also continues during the P2 period.
[23] The reason for the maintenance of the surface anticyclone may be related to the distribution of temperature anomalies. The shaded area in Figure 5 indicates cold anomalies. The existence of cold anomalies below the troughs is a conspicuous characteristic in the temperature fields. These cold anomalies may arise owing to adiabatic cooling. In particular, the cold anomaly over Europe (near zero longitude) represents characteristic of the negative NAO; that is, reduced warm advection due to a weakened westerly flow. Regardless, the most important feature in the temperature fields is found near the surface below the upper blocking ridge. As the surface anticyclone develops, the cold anomaly near the surface gradually intensifies. During the P2 period, the surface cold anomalies become stronger, especially over the region east of the surface anticyclone. The intensification of the cold anomalies corresponds to the baroclinic development of a surface system. Such a scenario was suggested by Hoskins et al. [1985, Figure 21 ], who described a phase-locked vertical system in which upper and lower-level circulations reinforce each other and establish a feedback link. According to those researchers, upper level circulation affects lower-level circulation through the downward penetration of isentropic potential vorticity (IPV). The lower-level circulation then induces effective temperature advection due to strong baroclinicity near the surface. Because the cold anomaly near the surface acts as an anticyclonic PV anomaly [Hoskins et al., 1985; Takaya and Nakamura, 2005a] , the lower-level circulation system keeps growing.
[24] Figure 5 shows a process similar to that observed by Hoskins et al. [1985] . Here, the downward penetration of the anticyclonic vortex leads to the development of a surface anticyclone during P1. This surface anticyclone continues to grow with a variation in the temperature field. From an energetic standpoint, the intensification of the surface cold anomaly around the surface anticyclone indicates a transformation of zonal mean potential energy into eddy potential energy. Through adjustments between temperature and thickness, the eddy potential energy is converted into eddy kinetic energy that serves to reinforce the anticyclonic flow. The adjustments between temperature and thickness due to surface cold advection should intensify the upper level trough. As shown in Figure 5 , the trough over the area east of the ridge deepens as the surface cold advection intensifies during the P2 period. These serial processes imply that the Figures 4a, 4c , and 4e, while those for negative NAO events are displayed in Figures 4b, 4d , and 4f. The contour interval is 15 m; light and dark shading indicates significant areas with 95% and 99% confidence, respectively. surface anticyclone develops by extracting available potential energy from the mean state. Once the surface anticyclone begins to migrate eastward over Siberia, where it exhibits a strong mean temperature gradient, its vertical structure becomes baroclinic with the deepening of the trough. With the aid of surface baroclinicity, the surface anticyclone can persist without the influence of the upper level ridge, even after the ridge has decayed.
[25] For a clear comparison with nonblocking cases, a downstream cross section of NAO nblck events is shown in Figure 5 . Lag composites of the geopotential height anomalies (contours) and temperature anomalies (shading) during the P1 and P2 periods for NAO blck events. Anomalies are averaged over 40-60°N and show the vertical structures of the downstream anomalies of negative NAO events with a blocking ridge. The contour interval is 10 m. Scaling for the shading is shown in units of°C. Figure 6 . None of the averaged patterns during the P1 and P2 periods present noticeable downstream variations except for the upper level wave train during P2. This confirms the critical role of the blocking ridge in the distinct downstream development of the negative NAO and suggests that the distinct climatic impact of the negative NAO on East Asian winter temperature shown in the work of SL10 is applicable only to NAO blck events.
Eastward Migration of a Surface Anticyclone
[26] In section 3.2.1, the manner in which the surface anticyclone is initiated and maintained was discussed. In this section, we examine the eastward migration of the surface anticyclone after lag +4 day. As noted above, the upper level circulation for the negative NAO constructs a wave trainlike pattern over downstream Eurasia beginning at the NAO onset (Figures 4b and 4d) . We consider the possible influence of the NAO on the downstream circulation through a wave train link. For precise identification of the wave trainlike structure in Figure 4b , the wave activity flux was calculated for NAO blck events (Figure 7) . The wave activity flux is a useful diagnostic tool for stationary disturbances propagating through a zonally varying basic flow [Takaya and Nakamura, 2001] .
[27] Figure 7a exhibits a Hovmöller diagram for the zonal wave-activity flux (shading) and geopotential height (contours) at 500 hPa, averaged over the 40-60°N region. As expected, geopotential height anomalies exhibit patterns similar to those in Figure 4d , which describes the composite of entire events for the negative NAO. The anomalies also seem to form a wave train. However, the wave activity flux reveals another noticeable characteristic of this wave trainlike structure. During the periods before and after the NAO onset, the wave activity fluxes do not exhibit intimate links between the North Atlantic basin and inland Eurasia. In contrast, a prominent flux link does appear over between the ridge and the downstream trough. A few Figure 6 . Lag composite averages of the geopotential height anomalies (contours) and temperature anomalies (shading) during the P1 and P2 periods for NAO nblck events. The meanings of the contours and shaded areas are the same as those in Figure 5 . days later, the southern cell of the NAO continues to grow and reaches maximum intensity at about lag +4 day. At the same time, the wave activity flux link between the southern cell of the NAO and the ridge strengthens. Since the wave activity flux is parallel to the group velocity of the Rossby wave, the downstream flow of the wave-activity flux implies that wave energy is transferred from the North Atlantic toward the downstream region. In section 3.1, it was suggested that the blocking ridge contributes to the initial growth of the NAO before NAO onset, but the situation is reversed with NAO growth. It is a noticeable change that the NAO anomaly begins to feed back with the downstream anomalies through the energy transfer.
[28] The aforementioned features are also seen in Figures 7b and 7c , where averaged horizontal anomalous structures during the P1 and P2 periods, respectively, are shown. The contours represent geopotential height anomalies at 500 hPa, and the shaded area centered over 40-70°E in Figure 7b indicates the blocking ridge. Negative contours near 0°E represent the southern cell of the NAO. During the P1 period, the wave-activity flux does not seem to be well organized as a continuous flow. That is, the connection between the southern cell of the NAO and the blocking ridge seems weak. In contrast, the wave-activity flux from the blocking ridge toward Siberia is stronger, as seen in Figure 7a . The discontinuous flow in the wave activity flux is likely due to the existence of the blocking ridge, which disturbs both the downstream circulation and the wave raypath. As the NAO anomalies settle and the blocking ridge diminishes, the wave energy from the North Atlantic region begins to flow out toward the midlatitude downstream region during the P2 period (Figure 7c) .
[29] It is noteworthy that the period in which the wave energy of the NAO begins to transfer toward the downstream coincides with the beginning of the eastward migration of the surface anticyclone over Siberia. The wave activity flux from the NAO region reinforces downstream anticyclonic circulation as well as the surface anticyclone below. Note that the surface anticyclone has its own tendency to migrate eastward as a thermal Rossby wave through a balance with the temperature field [Bluestein, 1993; Sung et al., 2010; Takaya and Nakamura, 2005a] . The reinforcement of the surface anticyclone induces intensified cold advection over the eastern part of the anticyclone (see lag +4 day composite map in Figure 5 ) and thus triggers the eastward migration of the surface anticyclone. Though it is not shown in the present study, a composite map for entire blocking events (including events not accompanied by the NAO) was constructed using the blocking index suggested in section 3.1. The eastward migration of such a surface anticyclone is not described clearly in this map, supporting the notion that the downstream effect of the NAO through the wave train is also necessary for the distinct downstream development of the NAO.
Discussion
[30] This study identifies the frequent observation of a blocking ridge near northern Europe preceding negative NAO events. We suggested that this blocking ridge contributes to the initial growth of the NAO as a low-frequency eddy through vorticity flux or vorticity advection. Several studies have found a relationship between the NAO and the North Atlantic blocking. Shabbar et al. [2001] suggested that NAO-induced thermal contrast over the North Atlantic affects the blocking frequency over the North Atlantic region. Luo [2005] argued that NAO-related flow provides preferable conditions for blocking events during the negative NAO through an interaction with synoptic waves. In these studies, more frequent blocking events were commonly reported during the negative NAO.
[31] In the studies cited above, blocking events were identified over the North Atlantic region, not over inland Eurasia. In addition, these works examined how NAO-related circulation affects the blocking events. In contrast, the present study analyzes the blocking ridge prior to NAO onset over inland Eurasia near the Barents Sea. In this regard, a study by Woollings et al. [2008] provides an integrated viewpoint. The researchers proposed that the low-frequency variability of the NAO arises as a result of Rossby wave breaking events over the North Atlantic, which lead to situations similar to blocking episodes in the synoptic sense. According to them, the negative NAO indicates a period with frequent Rossby wave breaking, while the positive NAO indicates less frequent breaking events. Interestingly, Woollings et al. [2008] noted a precursor to the frequent appearance of Rossby wave breaking events, namely European blocking, an anticyclonic anomaly over northern Europe. They suggested that European blocking could increase the likelihood of wave breaking by imposing diffluent flow over the Atlantic, leading to meridionally elongated transient eddies, which favor wave breaking.
[32] It is uncertain whether the European blocking corresponds to the blocking ridge of the present study. However, the results commonly suggest the important role of a preexisting low-frequency anomaly that can affect wavebreaking conditions over the North Atlantic region. This preconditioning effect of the blocking ridge implies an intimate relationship with previous studies, where a synoptic view of the NAO is suggested [Benedict et al., 2004; Franzke et al., 2004; Riviere and Orlanski, 2007] . Benedict et al. [2004] argued that the NAO is the remnant of synoptic wave breaking and the positive phase of the NAO evolves owing to anticyclonic wave breaking, while the negative NAO phase originates from cyclonic wave breaking. This synoptic view necessarily draws attention to the lowfrequency anomaly as a background flow. Because synoptic wave breaking is highly dependent on the basic flow condition [Simmons and Hoskins, 1980; Thorncroft et al., 1993] , differences in the low-frequency anomaly due to the existence of a blocking ridge exert additional influence on NAO growth through an interaction with high-frequency components.
Summary and Conclusion
[33] In this study, we examined the way in which persistent NAO events develop and induce downstream anomalies. The growth structures of persistent NAO events exhibit distinct asymmetric features according to the phase. While positive NAO events are initiated over the western North Atlantic, negative persistent NAO events are mostly preceded by a blocking ridge in the vicinity of northern Europe. The blocking ridge positively contributes to the initial growth of negative NAO events as a low-frequency forcing component. The existence of the blocking ridge also leads to noticeable downstream development of the NAO. While the blocking ridge exists over inland Eurasia, it induces anticyclonic circulation near the surface over Siberia. After the onset of the NAO, a stationary wave train is induced in the downstream Eurasian region. This wave train transfers wave energy from the North Atlantic into the downstream region and reinforces surface anticyclonic circulation. Through a balance with the temperature field, the surface anticyclone begins to migrate eastward.
[34] These sequential processes manifest the role of the blocking ridge as a linkage between two remote regional circulations over the North Atlantic and downstream Siberia. It is also noteworthy that the mature NAO reinforces downstream anomalies by transferring wave energy. These processes comprise a kind of feedback between the NAO and downstream anomalies and provide an interesting comparison with the results of Takaya and Nakamura [2005a, hereinafter TN05a] . In the work of TN05a, a mechanism for intraseasonal amplification of the Siberian high that is related to the upper tropospheric blocking ridge was suggested. In addition, Takaya and Nakamura [2005b, hereinafter TN05b] showed that the upper tropospheric blocking ridge develops from anomalies as a component of a quasistationary Rossby wave train that originates from the North Atlantic and propagates across the Eurasian continent. While the blocking ridge in the work of TN05b may not be identical to that of the present work owing to differences in the focus of each study, it seems clear that both studies begin with a common question: How can the North Atlantic variability be related to the surface variability over Siberia? The present study supports the arguments presented in the work of TN05a and TN05b by examining the NAO, one of the dominant atmospheric variabilities over the North Atlantic region.
[35] In the present study, the impact of climate factors over inland Eurasia, especially over northern Europe near the Barents Sea (where sea ice melting has recently been an issue), is addressed. Petoukhov and Semenov [2010] have shown that a strong anticyclonic anomaly over the Polar Ocean, which is induced by sea ice reduction over the Barents-Kara Sea, may result in extremely cold winters in Europe and northern Asia. Remind that results of the present study also show the dominant cold anomaly over the Eurasian surface related to the blocking ridge and the NAO. In addition, model experiments by Magnusdottir et al. [2004] on the atmospheric response to the sea ice melting trend over the Barents Sea showed a clear negative NAO-like circulation pattern. These previous studies may imply a meaningful relationship between sea ice variation and the occurrence of the blocking ridge. Because sea ice variation mostly occurs over a much longer time scale in comparison to the life cycle of the blocking ridge, further understanding of the regional circulation over the Barents Sea on various time scales is needed.
Appendix A: Stream Function Budget Analysis
[36] Cai and van den Dool [1994] and Feldstein [2003] examined the stream function budget for a low-frequency wave by analyzing the stream function tendency equation.
The stream function (y) tendency equation for a low-passfiltered y is written as follows:
Here, z is the relative vorticity, v is the horizontal wind vector, v is the meridional wind, f is the Coriolis parameter, and denotes the latitude. The term R represents the residual component, the subscripts r and d denote the rotational and divergent components of horizontal wind, respectively, and L and H represent the low-frequency (10 day low-passfiltered) and high-frequency (10 day high-pass-filtered) components, respectively. The overbar denotes a time mean, the prime represents a deviation from the time mean, square brackets denote a zonal mean, and the asterisk indicates a deviation from the zonal mean.
[37] Brief physical meanings for each term are as follows: x 1 indicates planetary vorticity advection by anomalous winds. The x 2 and x 3 terms correspond to relative vorticity advections, including interactions of the anomalies with zonally symmetric and asymmetric climatological winds, respectively. The divergence term is denoted by x 4 , and x 5 (x 6 ) indicates interactions among low-frequency (highfrequency) eddies. The x 7 term represents interactions between high-and low-frequency eddies, and x 8 is a tilting term. See the cited references for details on stream function budget analysis.
